A new type of iron aluminide coating on a steel substrate by mechanical alloying (MA) with Al-Fe powders was examined. Precoating was carried out by a high-energy planetary MA with Al-Fe powder at room temperature, followed by low-energy MA at an elevated temperature. In MA at 500 °C, the precoating layer becomes soft and the interdiffusion between Al and Fe is enhanced, resulting in the formation of a homogenous iron aluminide coating layer on a steel substrate. By MA at 500 ºC for 4 h, a Fe 2 Al 5 coating layer is formed for Al-25 at%Fe powder, and a FeAl coating layer with a small amount of Fe 2 Al 5 is formed for Al-50 at%Fe powder. The Fe-Al solid solution is achieved near the steel substrate/coating layer interface in a substrate, resulting in good bonding between the substrate and the coating layer. The Al-50 at%Fe coating layer has a hardness of 7.8 GPa and high fracture toughness.
INTRODUCTION
Iron aluminides are particularly attractive both bulk materials and coating because of their low cost, the high availability of raw materials and their excellent properties, such as resistance to oxidation and sulfidation [1] . Much effort has yet to be made to reduce processing cost and improve the mechanical properties before the intermetallic compounds can be widely utilized in bulk form. The high strength, high elastic moduli, and good environmental stability of intermetallic compounds also make them attractive for use in wear applications in aggressive environments. There are many reports on the use of the intermetallic compounds as protective coating materials [2] [3] [4] [5] [6] .
Recently, mechanical alloying (MA) has been utilized to form a surface coating. In MA, the plastic deformation, breaking down and cold welding of powders are continuously repeated, resulting in the formation of a surface coating. Several types of surface coating formed by MA have been studied. For example, MA with mechanical cold welding can produce a metal coating [7] , a mechanochemical process can produce an oxide/metal composite coating [8] , MA followed by annealing can produce intermetallic coating [9] , and an increase in diffusion rate can induce aluminization [10] or chromiumization [11] .
In the case of hot-dip coating or pack cementation, a multiphase structure of Al-Fe aluminide is obtained [2] [3] [4] . According to the obtained results, the coating of Fe 2 Al 5 and FeAl 3 phases rather than FeAl 2 and FeAl phases is achieved at 700 °C, where Fe 2 Al 5 phase is mainly formed. In the case of combination of the pack cementation and the high-energy vibration mill at 560 °C for 2 h with Al powder and carbon steel substrate, Fe 2 Al 5 is mainly formed [10] . However, Fe 2 Al 5 is more brittle than FeAl, which has high strength and ductility [12] . There are few reports about the formation of an iron aluminide coating by MA.
The aim of this research is to fabricate an iron aluminide coating from Al-25 at%Fe and Al-50 at%Fe powders by low-energy MA at an elevated temperature. The phase, microstructures and mechanical properties of the coating layer were investigated.
EXPERIMENTAL PROCEDURE
As starting materials, Al powder (99.5 mass%) with a grain size of 50-150 µm and Fe powder (99.5 mass%) with a grain size of about 5µm were used. Figure 1 shows secondary electron (SE) images of the starting materials. The compositions of Al-Fe powder were Al-25 at%Fe and Al-50 at%Fe. Structural steel (JIS: SS400) was used as the substrate. The substrate was 15 mm in diameter and 2 mm in thickness. The surface of the substrate was polished with sheets of SiC of up to 600# grade and then washed with ethanol in an ultrasonic bath.
Two types of MA were performed for coating. The first method was direct coating by a low-energy MA. The second method was two-step coating, in which the precoating of the steel substrate was carried out by a high-energy planetary MA (made by the Indonesian Institute of Sciences) at room temperature at 130 rpm for 10 h, followed by a low-energy MA at 200-500 °C for 0.75-4 h and were conducted under the same mixing conditions as those mentioned above.
The surface coating layer was examined by scanning electron microscopy (E-SEM-XL30CP, Phillips Co. Ltd.), energy-dispersive X-ray spectroscopy (EDX -XL30CP, Phillips Co. Ltd.), X-ray diffraction (XRD) analysis (X'pert, PAN Analytical Co. Ltd.) and Vickers hardness measurement (HMV, Shimadzu Co. Ltd.).
RESULTS

Direct coating
In the direct coating, no coating layer on the steel surface was achieved. The color of the substrate surface changed into a dark Fe oxide color. It is considered that the surfaces of both the steel substrate and the Al-Fe powder were covered with an oxide layer during MA at an elevated temperature because of the reaction with O 2 gas as an impurity in the Ar atmosphere, resulting in the poor bonding of the Al-Fe powder to the steel substrate. Figure 3 shows XRD patterns obtained from the surfaces of the Al-25 at%Fe coating layer. In the precoated specimen ( Fig. 3(a) ), peaks of α-Al 2 O 3 and broad peaks of Al and Fe were observed. Because α-Al 2 O 3 is formed at temperatures higher than 1200 °C [13] , α-Al 2 O 3 may come from the alumina balls used for MA. Fe peaks are due to both the steel substrate and the Fe phase in the coating layer. The broad peaks of Al and Fe suggest that a supersaturated solid solution and an amorphous of Al and Fe are formed. No iron aluminide peak was observed. In MA at 200 °C for 2h and 4 h, no iron aluminide peak was observed (Figs. 3(b) and (c)).
Two-step coating 3.2.1 XRD analysis
In MA at 500 °C for 2 h, the peaks of Fe 2 Al 5 and Fe were observed, as shown in Fig. 3(d) . Fe peaks are due to the steel substrate. In MA at 500 °C for 4 h, the peaks of Fe 2 Al 5 increased (Fig. 3(e) ). This suggests that the coating layer consists of Fe 2 Al 5 and the formation of Fe 2 Al 5 phase occurs at the early time of MA at 500 °C. Figure 4 shows XRD patterns obtained from the surfaces of the Al-50 at%Fe specimens. In the precoating layer, broad peaks of Al and Fe due to the supersaturated solid solution and amorphous were observed ( Fig. 4(a) ). Fe peaks are due to both the steel substrate and the Fe phase in the coating layer. The intensity of Al peaks was lower than that of Al-25 at%Fe coating layer. This is because the amount of Al decreases with both the increases in the amounts of added Fe powder and Al solution into Fe. In MA at 200 °C for 4 h, no iron aluminide peak was observed (Fig. 4(b) ). In MA at 500 °C for 0.75, 2 and 4 h, the FeAl, Fe, and Fe 2 Al 5 peaks were observed as shown in (Figs. 4 (c), (d) and (e)). The intensity of FeAl peaks increased with Figure 5 shows SE images of the cross-sectional microstructures and elemental distributions near the coating layer/steel substrate interface. In Figs. 5(a), (b) , (d) and (e), the left-hand side is the steel substrate, the right-hand side is the resin used for mounting, and the middle part is the coating layer. In the SE images of the precoated specimen (Figs. 5(a) and (d) ), the bright area in the coating layer is an Fe-rich phase, and the dark area is an Al-rich phase. These coating layers had two different layers. The outer layer consisted of refined Aland Fe-rich phases. The inner layer consisted of partially mixed Al and Fe powders. This is because the deposition of Al and Fe powders on the substrate surface occurs at the early stage of MA, then the refined Al-and Fe-rich phases are formed by ball impact. However, the coating layer becomes hard because of work hardening. Therefore, the refinement of the inner layer is inhibited. Thus, it is difficult to form a uniformly dispersed and refined Al-Fe coating layer by MA at room temperature.
Coating morphology
In Fig. 5(b) , the dark particles in the coating layer were observed. According to the results of XRD (Fig. 3) and EDAX analyses, these particles were α-Al 2 O 3 , as mentioned above. The Al-25 at%Fe coating layer obtained by the two-step coating method had a homogenous microstructure. The element distribution of the coating layer is shown in Fig. 5(c) . The value of Fe/(Al+Fe) was shown by the ○ mark. Near the coating layer/steel substrate interface, the content of Fe was slightly high.
The average of Fe/(Al+Fe) values was about 1/4, which agreed with the Al-25 at%Fe composition or Fe 2 Al 5 . As shown in Fig. 5(b) , cracks were observed in the coating layer. However, in the microstructure of the precoated specimen (Fig. 5(a) ), no cracks were found. Because Fe 2 Al 5 is brittle, the cracks seem to be formed during MA at 500 ºC.
In Fig. 5 (e), dark particles (α-Al 2 O 3 ) were observed. The Al-50 at%Fe coating layer had a homogenous microstructure. The element distribution of the coating layer is shown in Fig. 5(f) . The average of Fe/(Al+Fe) values was about 1/2, which agreed with the Al-50 at%Fe composition or FeAl. No cracks were observed in the coating layer. This suggests that the coating layer has a good ductile property.
The coating layer/steel substrate interface was not flat. In Figs. 5(c) and (f), the Fe and Al distributions near the coating layer/steel substrate interface in the steel substrate had a gradation. This indicates that the formation of Fe(Al) solid solution is achieved near the interface in the steel substrate, resulting in good bonding between the steel substrate and the coating layer.
Coating layer hardness
Micro-Vickers hardnesses (load: 245 mN) of the coating layer are shown in Fig 6. The hardnesses of the precoating layer (MA time = 0 h) were 3.04 GPa for Al-25 at%Fe and 2.25 GPa for Al-50 at%Fe. The hardnesses of sintered Fe and Al were 1.2 GPa and 0.5 GPa, respectively. Thus, the hardnesses of the precoating layer were higher than those of Al and Fe. This is because solid solution hardening, amorphous formation and work hardening occur during MA. The hardnesses of the coating layers MAed at 200 °C slightly increased though no iron aluminide formation was achieved. This is because the hardening due to super saturated solid solution, amorphous formation and work hardening of Fe occurs, as mentioned above. The hardnesses of the coating layers increased by MA at 500 °C. This is due to iron aluminides formation. The hardness of the coating layers increased by the increase in MA time. This suggests that the formation of iron aluminide rapidly occurs at the early time of MA at 500 °C and then gradually increases with increasing MA time.
The hardness of the Al-25 at%Fe coating layer was similar to that of Fe 2 Al 5 , which is formed by diffusion treatment [2] . However, the hardness of the Al-50 at%Fe coating layer was 1.5 times higher than that of FeAl, which is formed by melting processes [15] . According to the XRD results, the Al-50 at%Fe coating layer consists of a large amount of FeAl, a small amount of Fe 2 Al 5 and a small amount of fine Al 2 O 3 particles, resulting in an increase in hardness. 
where H: Vickers hardness, a: half of indentation diagonal and c: half of crack length [16] . The fracture toughness of the Al-25 at%Fe coating layer was K IC = 2. particles. In the indentation of the Al-50 at%Fe coating layer, no cracks were observed, as shown in Fig. 7(b) . This suggests that the Al-50 at%Fe coating layer has high fracture toughness. 
DISCUSSION
In the case of direct coating, oxidation that occurs during MA at an elevated temperature inhibits the deposition of Al and Fe powders on the substrate surface. In the case of two-step coating, the deposition of Al and Fe powders is achieved in the early stage of MA at room temperature and the coating layer becomes hard owing to solid solution hardening, amorphous formation and work hardening by MA for 10 h. In the subsequent MA at 200 °C, the hardening of the coating layer increase owing to solid solution hardening, amorphous formation, and work hardening of Fe tough no formation of iron aluminide is achieved. On the other hand, in the subsequent MA at 500 °C, the coating layer becomes soft because not only the recovery and recrystallization of Al [18] but also the recovery of Fe occur during MA. As a result, cold welding, the interdiffusion between Al and Fe, and the breaking down of powder are enhanced by ball impact, resulting in the increase in the interdiffusion between Al and Fe, and an enhancement of refinement of microstructure. As the contents of Al and Fe in the coating layer reach the stoichiometric composition of iron aluminide, iron aluminide is formed. It is considered that Fe 2 Al 5 is formed from the Al-rich phase and FeAl is formed from the Fe-rich phase. The activation energy for the formation of Fe 2 Al 5 is small [2] and the rate constant for its phase growth is higher than those of other iron aluminides [3] . This explains why a large amount of FeAl and a small amount of Fe 2 Al 5 are formed for the Al-50 at%Fe coating layer and Fe 2 Al 5 is mainly observed in the Al-25 at%Fe coating layer. Fe 2 Al 5 and FeAl phases are stable intermetallic compounds [14] . Thus Fe 2 Al 5 still left in the Al-50 at%Fe coating layer even MAed at 500 °C for 4 h.
CONCLUSION
A new type of iron aluminide coating on a steel substrate by MA with Al-25 at%Fe and Al-50 at%Fe powders at an elevated temperature was examined.
(1)In the case of direct coating by low-energy MA at an elevated temperature in Ar atmosphere, no coating layer is achieved. Precoating is carried out by high-energy MA at room temperature, followed by low-energy MA at 500 °C, resulting in the formation of a homogenous iron aluminide coating layer. (2)For Al-25 at%Fe powder, an Fe 2 Al 5 coating layer is formed, and for Al-50 at%Fe powder, an FeAl coating layer with a small amount of Fe 2 Al 5 is formed. The Fe-Al solid solution is achieved near the coating layer/steel substrate interface in a steel substrate, resulting in good bonding between the steel substrate and the iron aluminide coating layer. (3)An Al-50 at%Fe coating layer has high hardness and fracture toughness. Thus, by MA at an elevated temperature, a homogenous iron aluminide coating on a steel substrate can be achieved.
